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The possibility of 3D printing high temperature and chemically resistant polymers creates opportunities for
applications in flow chemistry. Herein we describe the development of milli- and microfluidic reactors
made of polyether ether ketone (PEEK) with a high temperature 3D printer and examine their mixing
performance and suitability for flow reactions at elevated temperatures. Additionally, we present a 3D-
printed separator, back pressure regulator and continuous syringe pump, which provide a complete flow
system for a fraction of the cost of commercially available flow equipment. Different 3D printed mixing
geometries were tested and the influence of mixing on fluorination of a ribose derivative was evaluated. To
demonstrate the usability of our self-made flow equipment we performed a multistep reaction of a ribose
derivative in excellent yield which could be used as a precursor for the synthesis of nucleoside anti-cancer
drugs.
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drug for the treatment of acute lymphoblastic leukemia. One
possible precursor for the synthesis of clofarabine is 2-deoxy-
2-fluoro-3,5-di-O-benzoyl-a-p-arabinofuranosyl ~ bromide (5)

Introduction

Over the last two decades flow chemistry attracted
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considerable attention in academic research.”™ The chemical
industry takes full advantage of reactions in flow like an
easier scale up of a production process due to better mixing
and heat transfer.> Another benefit of performing reactions in
flow lies in better control over reaction parameters, which is
especially important when working with hazardous chemicals
and unstable intermediates.® In the pharmaceutical industry
flow chemistry also has become an important technology for
the manufacture of active pharmaceutical ingredients (APIs).”
One example of an API is gemcitabine (1), which is used for
treatment of pancreatic cancer. It is a deoxycytidine (2)
derivative and can be phosphorylated by deoxycytidine kinase
(dCK) and inhibits the dCTP synthesis.® A derivative of
gemcitabine, 1-(2"-deoxy-2"-fluoroarabinofuranosyl)cytosine
(FAC, 3), is also a substrate for dCK and could be used for
detection of dCK activity by using positron emission
tomography (PET), if it is labeled with '®F.° Particularly for
the synthesis of radioactive PET tracers, the use of
microreactors could increase yields, purity and reaction time,
leading to higher specific activity.'"® Another nucleoside
analogue is clofarabine (4),"" which is used as an anticancer
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(Chart 1)."*" In this work we performed a multistep
flow reaction for the synthesis of this precursor 5 in excellent
yield using 3D-printed PEEK flow reactors (Scheme 1). The use
of 3D printers for manufacturing microreactors is a great
opportunity for fast and easy prototyping and had a great
impact on flow chemistry in the last few years.'*>* There are
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Chart 1 Several nucleoside analogues.
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Scheme 1 Multistep reaction of the precursor 5.

several technologies for 3D printing of flow reactors which all
have advantages and disadvantages.**** Although technologies
like selective laser sintering (SLS) or stereolithography (SLA)
achieve very good resolution, our focus lies on the technology
of fused deposition molding (FDM) because of the wide range
of chemically resistant printing materials. We chose
polypropylene (PP) which could be printed on a low-cost
desktop 3D printer and polyether ether ketone (PEEK) which
needs a special high temperature 3D printer.

Although PP can't withstand high temperatures, chlorinated
solvents or hydrocarbons for an extended period of time,* the
benefits are e.g. the transparency and the good printability of
this material. In contrast, PEEK shows an excellent chemical
resistance to a wide range of chemicals and withstands
temperatures up to 250 °C,>**” which makes it an excellent
material for flow reactors for organic synthesis.

Most common equipment for multistep flow reactions
consists of pumps, reactors, pressure regulators and liquid-
liquid extraction systems.*® The regulation of the system
pressure is very important in flow chemistry.>® An increased
system pressure could be obtained using a back pressure
regulator (BPR). Operating under an increased inner
pressure, solvents can be heated above their boiling points
which could lead to faster kinetics.*® Also, if volatiles or gases
are formed during the reaction, it can prevent outgassing
and reduces possible inhomogeneity of the flow rate.

For multistep synthesis, liquid-liquid extraction steps
followed by phase separation are common processes.*®
Membrane-based separation techniques are widely used in
analytical®'** and synthetic chemistry>*>° and are excellent
tools for true continuous liquid-liquid separation. The basic
idea behind a membrane separator is that the mixture of
organic and aqueous phases is separated using a
hydrophobic, porous membrane.

Commercially available continuous flow systems are rather
expensive which is why we decided to develop a completely
3D-printed flow system with all the components mentioned
above.

In our previous publication we focused on constructing
inexpensive flow equipment without the need to buy costly,
commercially available flow reactors or syringe pumps.*®

In this work we first printed various mixing geometries with
PP and performed Villermaux-Dushman (VD) experiments to
evaluate their printability and mixing efficiency. Further, we
printed flow reactors and crucial flow equipment from PEEK
which opens up new possibilities for flow chemistry. The aim of
this paper is to show that 3D printed PEEK flow equipment
meets the same requirements for multistep synthesis as a
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commercial flow setup with additional advantages of being
cheaper, more customizable and almost instantly available.

Experimental
Fabrication of 3D printed parts

Manufacturing of mixers and reactors. All PP parts and
the mixers M1-M6 (see Fig. 1) were printed with an
inexpensive, slightly modified 3D printer A8 from Anet. One
of the biggest problems was the lack of adhesion on the
printing bed. We could solve this problem by sticking one
layer of adhesive PP tape on the top of the printing bed and
heating it to 80 °C throughout the entire printing process.
Another disadvantage of polypropylene is its softness. If some
parts needed threads for HPLC fittings both the tap and the
parts had to be cooled with liquid nitrogen before cutting the
threads. Afterwards the threads were relatively weak and wore
out very quickly. The advantage of this property is that it is
self-sealing and the cone angle of a standard 10-32 HPLC
fitting does not need to be as precise as that for harder
materials. Therefore, we decided to use stainless steel nuts to
provide the contact pressure, keeping the beneficial
characteristics of PP. First, we imprinted the nuts into the
fitting, as described in our previous publication about PP
reactors.”® A much simpler solution is sliding the nuts in the
fitting from the side, as shown in Fig. 1b and c. As
mentioned above, PEEK is superior to PP concerning its
rigidity and resistance to chemicals. The downside is that in
order to print PEEK a professional printer with a high
temperature print head and closed printing chamber is
required. Thus, to print all the reactors, mixers and
laboratory equipment out of PEEK we used the P220 from
Apium. A very common problem in 3D printing, particularly
with PEEK, is warping. This means the bending of the
printed parts away from the printing bed due to internal
stress caused by uneven cooling of the layers.’” There are
several ways to address this problem. It's necessary to level
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Fig. 1 Flow path of mixers M1 to M6 with detailed mixing geometries
(a); CAD drawing (b) and picture (c) of M6.
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the printing bed very well and to use an adhesive on the
printing bed which helps to avoid warping. When printing
PEEK, DimaFix adhesive from DIMA 3D was used, which,
according to the manufacturer, doesn't stick at 60 °C but has
a strong holding power above 95 °C. Another way to address
this issue is to avoid big contiguous sections in the parts.
This strategy is shown in the later versions of the flow
reactors where the connections are divided into separate
blocks (see Fig. 2). Generally, it helps to print at the highest
bed- and chamber temperatures possible to prevent warping,
and with high nozzle temperatures the adhesion between the
layers is improved as well. In our experience, printing with
high temperatures is at the expense of precision. Small holes
and fine channels are blocked and threads have to be post
processed with a die. Among other parameters the right
filament flow and extrusion width are crucial for stable and
precise parts. Therefore, the nozzle has to be perfectly clean
and without burnt PEEK residue inside. It is a balancing act
between over extrusion with plugging as a result and gaps in
the printed parts causing leakages and structural failures at
the fittings. We found that drying the PEEK filament is very
important for the print quality, due to its moisture sensitivity
during extrusion. To ensure reproducible print quality we
dried the PEEK filament every night in an oven at 80 °C.
Lastly, the dimensions of the printed parts should match the
printer's extrusion width. This means that the wall
dimensions should always be an integral multiple of the
extrusion width of the printer or the slicer program to avoid
gaps in the parts. With all these measures (leveling,
adhesion, optimal printing parameters, drying and
appropriate dimensions) it is possible to obtain reliably
usable reactors.

When printing with PEEK, one problem is polymer
spreading during extrusion, resulting in a channel width
which is always smaller than the theoretical channel width in
the CAD drawing.”® Thus, channels containing the crossed
barriers could only be scaled down to a nominal channel
width of 1.6 mm. Additionally, every second layer of the
mixing geometry had to be removed in the CAD model to
reduce the material flow (see Fig. 3a). A picture of M7 and an

a) b)
mixing zones ‘
R1 (4xM7 geometry)

u u\ 1/4"-28 thread
flat fittings

Fig. 2 CAD drawing (a) and photograph (b) with a connected 1/4"-28
fitting of reactor R1.
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Fig. 3 CAD drawing (a) and photograph (b) of PEEK mixer M7.

open cutout is shown in Fig. 3b. The measured volume of M7
shows that it's reduced by 33% in comparison to the CAD
drawing.

One critical component of every flow chemistry device is
the connection to the tubes. In the beginning, we used an
exact replica of a 10-32 female HPLC fitting as a connection
to the PEEK reactors. Because of the printer's inaccuracy, we
just designed a step at the bottom and cut the cone
afterwards with a center drill. This method did not reliably
result in leakproof reactors and it limits the tube size to
1/16". Therefore, we switched to a system with a guide rail
printed from PEEK where the reactor is slit in. Here the
flangeless flat bottom 1/4"-28 fitting is just pressed against
the flat honed surface of the reactor (Fig. 2). Not only is this
system leakproof but it also allows the use of 1/8" tubing.

Manufacturing of the BPR. For the BPR we used PTFE foil
(100 um) and an overlying silicone sheet (500 pm) which is
pressed using a spring-loaded piston. The spring force could
be adjusted with a screw to control the back pressure (see
Fig. 4a, No. 5). We used different spring wire diameters to
create BPRs for two pressure ranges. For low back pressure
(from 1-4 bar) we used a weaker spring with 0.5 x 6.5 x 25
mm, for back pressure up to 20 bar we used a spring with 0.8
X 7.7 X 25 mm.

The top parts (No. 2-6) are printed with polylactic acid
(PLA), since they have no contact to the solvent. The solvent
conducting part (No. 1) was made from PEEK and the upper,

c)

b)
———— l spring
pressure

silicone
sheet

(0.5 mm)
PTFE foil
(100 pm)

T l

flow in flow out

Fig. 4 Exploded CAD view (a), working principle (b) and photograph
(c) of the BPR.
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Fig. 5 Exploded CAD view (a), working principle (b) and photograph
(c) of the membrane separator.

organic
phase

aqueous
phase

flow in

PTFE touching side was sanded with 1000 grit abrasive paper
to ensure a smooth surface.

Manufacturing of the membrane separator. We designed
our membrane separator as shown in Fig. 5. A channel of 35
x 8 x 1 mm was used for each of the two parts, in which
diagonal support lines prevent bending of the membrane.
For the membrane a hydrophobic PTFE membrane with a
pore size of 1 ym and a thickness of 100 um from Pieper
Filter GmbH was used. For an effective separation of the two
phases, a slightly higher pressure in the aqueous phase is
needed. By placing the aqueous outlet tube 40 cm higher
than the organic outlet tube, the resulting hydrostatic
pressure is sufficient.

Previous versions of the back pressure regulator and the
membrane separator were made out of PP. Although these
devices worked very well in most situations, the softness of
the PP forced us to use custom aluminium plates on top of
the screw fittings to distribute the contact pressure evenly.
The upgrade to PEEK as a printing material makes
reinforcing plates redundant and eliminates the risk of
malfunctions because of swelling, for instance. Even if it's
entirely possible to make the presented laboratory equipment
with a low-cost printer and polypropylene, PEEK devices are
more reliable, especially under harsher reaction conditions.

Manufacturing of the continuous syringe pump. The
pump consists of mainly three sections. The solvent
conveying part comprises two 500 uL glass syringes with
PTFE plungers and a four-way valve with diagonal flow, which
is connected through PTFE tubing (0.5 mm ID). The frame
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section was mostly 3D-printed with PLA, only a bent
aluminium plate was used as a housing and for the assembly
of the 3D-printed parts (see Fig. 6). Although it is not
necessary to 3D-print simple parts of the pump or this flow
system, an alternative would be to machine these parts out of
plastic or aluminium. Some of these parts are not easy to
make and would mean more labor time and higher cost of
materials. The electronics of the pump are based on an
Arduino Mega 2560, which controls the three stepper motors
with three DRV8825 stepper motor drivers. A full and detailed
part list, the CAD files of the printed parts, manufacturing
details and the Arduino program code can be found in the
ESLf

Principally this pump works like a dual piston pump.
While the first syringe pumps the solution into the reactor,
the second syringe draws the solution from a reservoir. To
realize this, we chose a four-way valve with diagonal flow
from UPCHURCH SCIENTIFIC. After manufacturing, the
pump has been tested for its accuracy and calibrated to
ensure a deviation of around 1%. The minimum reasonable
flow rate is 1.0 uL min~* and the maximum is 3000 uL min*,
which should be sufficient for most continuous flow
applications. At lower flow rates, the slow movement of the
stepper motor could result in pulsation of the flow. At higher
flow rates, the motors could reach their maximum power
level and skip steps, which would lead to an inappropriate
flow rate.

Mixing tests

For the Villermaux-Dushman (VD) experiments we used
water (HiPerSolv. CHROMANORM® for HPLC) from VWR.
The acid and buffer solutions were freshly prepared before
use with set concentrations, shown in Table 1. The chemicals
for these solutions were used without further purification
and obtained from AppliChem, Honeywell, Merck and Sigma-
Aldrich. As syringe pumps we used previously described self-
made Arduino driven pumps®® with two 60 mL polyethylene

Fig. 6 CAD drawing (a), exploded view (b) and photograph (c) of the continuous syringe pump.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Concentration of buffer and acid solutions used in VD
experiments

Solution Reagent Concentration [mol L™
Buffer solution H;BO; 0.030

NaOH 0.030

KI 0.011

KIO; 0.002
Acid solution H,S0, (97%) 0.010

syringes. For measuring the absorbance, we made a flow cell
from two QS quartz panes sandwiched in a holder (path
length d = 0.53 c¢cm) printed out of PLA. The absorbance of I~
was measured on a Lambda 25 UV-vis spectrometer from
Perkin Elmer at different flow rates from 5 ml min™" per
syringe to 0.25 mL min". After each change of the flow rate
we waited until a constant absorption value was reached and
afterwards we performed three one minute runs with 20
single measurements at 353 nm (g353 of triiodide = 26400 L
mol ™ em™).%®

Chemical reactions

As references for HPLC measurements, 2-deoxy-2-fluoro-1,3,5-
tri-O-benzoyl-a-p-arabinofuranose (8) and 2-deoxy-2-fluoro-3,5-
di-O-benzoyl-a-p-arabinofuranosyl bromide (5) were produced
in a conventional batch-synthesis.

Batch synthesis of 2-deoxy-2-fluoro-1,3,5-tri-O-benzoyl-a-p-
arabinofuranose (8)*°. DAST (0.28 mL, 2.16 mmol, 4 eq.) was
added under a nitrogen atmosphere to a solution of 1,3,5-tri-
O-benzoyl-o-p-ribofuranose (6) (0.25 g, 0.54 mmol, 1 eq.) in
toluene (5.5 mL). The mixture was stirred at room
temperature for 1 h. Afterwards, the temperature was raised
to 90 °C for 2 hours. The mixture was cooled in an ice bath
and sat. NaHCO; solution was added carefully. The organic
phase was separated and the aqueous phase was extracted
with methylene chloride (3 x 5 mL). The combined organic
phases were dried over Na,SO, and concentrated in a
vacuum. After column chromatography (n-hexane/ethylacetate
4:1) a colorless oil (0.22 g, 88%) was obtained.

'H-NMR (400 MHz, CDCl,): 6 = 8.00-8.16 (m, 6H, aryl-H),
7.52-7.69 (m, 3H, aryl-H), 7.35-7.51 (m, 6H, aryl-H), 6.77 (d, J
= 9.0 Hz, 1H, 1-H), 5.65 (ddd, J = 19.5 Hz, 3.1 Hz, 0.8 Hz, 1H,
3-H), 5.29-5.52 (d, J = 50.0 Hz, 1H, 2-H), 4.78-4.85 (m, 1H,
4-H), 4.74 (m, 5-H/5-H') ppm. *F-NMR (376 MHz, CDCl,): d =
—190.77 ppm.

Batch synthesis of 2-deoxy-2-fluoro-3,5-di-O-benzoyl-a-p-
arabinofuranosyl bromide (5)*°. Under a nitrogen atmosphere
2-deoxy-2-fluoro-1,3,5-tri-O-benzoyl-a-p-arabinofuranose (8)
(0.11 g, 0.24 mmol, 1 eq.) was dissolved in dry methylene
chloride (3 mL). HBr (0.6 mL, 3.34 mmol, 14 eq., 33% in
AcOH) was added to the solution and stirred for 16 h at room
temperature. Afterwards, the mixture was washed with sat.
NaHCO; solution. The organic phase was then dried over
Na,SO, and concentrated in a vacuum. After column

1304 | React. Chem. Eng., 2020, 5, 1300-1310
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chromatography (n-hexane/ethylacetate 4:1) a yellowish oil
(0.09 g, 93%) was obtained.

'H-NMR (400 MHz, CDCl,): 6 = 7.98-8.23 (m, 4H, aryl-H),
7.54-7.68 (m, 2H, aryl-H), 7.39-7.52 (m, 4H, aryl-H), 6.65 (d, J
=12.1 Hz, 1H, 1-H), 5.53-5.69 (d, J = 50.0 Hz, 1H, 2-H), 5.52-
5.59 (ddd, J = 20.0 Hz, 4.0 Hz, 0.8 Hz, 1H, 3-H), 4.78-4.86 (m,
1H, 4-H), 4.65-4.77 (m, 2H, 5-H/5-H') ppm. '"’F-NMR (376
MHz, CDCL;): 6 = -165.92 ppm.

Flow synthesis

For flow reactions the self-built continuous syringe pump
was used with additional syringe pumps LA-30 from Landgraf
Laborsysteme HLL GmbH. HPLC grade CHCl; was passed
through a column filled with molecular sieves (4 A, 1 g mL ™
CHCl;) prior to use. The chemicals for the flow reactions
were used without further purification and obtained from
Sigma Aldrich, Merck, TCI, and Acros Organics. NMR spectra
were recorded on a Bruker “Avance 400” spectrometer and
calibrated to the solvent signal (CDCl;: 1H 7.27 ppm, 13C
77.0 ppm). HPLC measurements were made on a HPLC
system containing a Sykam S 1121 solvent delivering system,
a Sykam S$5200 sample injector and a Linear UVVIS-205
absorbance detector (254 nm). As a column a GROM-SIL 120
ODS-3 CP, 5 um column (250 x 4 mm) was used.
Diethylaminosulfur trifluoride (DAST) must be handled with
caution and must not be heated above 90 °C due to its highly
reactive decomposition products.

Conversion calculation

All used and manufactured substances have different
extinction coefficients. A direct comparison of the peak
integrals in relation to the concentration is therefore not
possible. To determine each concentration, the concentration
series of 1,3,5-tri-O-benzoyl-o-p-ribofuranose (6), 2-deoxy-2-
fluoro-1,3,5-tri-O-benzoyl-o-p-arabinofuranose (8) and 2-deoxy-
2-fluoro-3,5-di-O-benzoyl-a-p-arabinofuranosyl ~ bromide (5)
were examined by HPLC measurements. By determination of
the integrals a calibration line was created, with which the
concentration could be calculated.

Flow synthesis of 2-deoxy-2-fluoro-1,3,5-tri-O-benzoyl-o.-p-
arabinofuranose (8). A solution of 1,3,5-tri-O-benzoyl-o-p-
ribofuranose (6) (0.3 M in dry CHCl;, 1 eq.) and a solution of
DAST (7) (0.3 M in dry CHCl;, 3 eq.) were pumped through
flow reactors R1-R4 at 60-90 °C. The BPR was set to a
pressure above the vapor pressure of the solvent (2 bar). The
overall flow rate was set resulting in a residence time of 2 to
15 min for each experiment (see the ESI{). 500 uL of the
reaction mixture was collected in a glass vial containing sat.
NaHCO; solution (1 mL). 50 uL of the organic phase was
diluted with 950 uL acetonitrile (HPLC grade) for HPLC
measurements.

Batch synthesis of 2-deoxy-2-fluoro-3,5-di-O-benzoyl-o-p-
arabinofuranosyl bromide (5). A solution of 2-deoxy-2-fluoro-
1,3,5-tri-O-benzoyl-o-p-arabinofuranose (8) (0.3 M in dry
CHCl;, 1 eq.) and HBr (33% in dry AcOH, 10 and 25 eq.) were

This journal is © The Royal Society of Chemistry 2020
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pumped through flow reactor R1, at 55 °C. The BPR was set
to 2 bar. The overall flow rate was set resulting in a residence
time of 5, 10 and 20 min for each experiment (see the ESI}).
500 uL of the reaction mixture was collected in a glass vial
containing sat. NaHCO; solution (1 mL). 50 uL of the organic
phase was diluted with 950 pL acetonitrile (HPLC grade) for
HPLC measurements.

Multistep flow synthesis of 2-deoxy-2-fluoro-3,5-di-O-
benzoyl-a-p-arabinofuranosyl bromide (5). A solution of 1,3,5-
tri-O-benzoyl-a-p-ribofuranose (6) (0.4 M in dry CHCl;, 1 eq.)
and a solution of diethylaminosulfur trifluoride (7) (0.4 M in
dry CHCl;, 3 eq.) were pumped through flow reactor R5 at 75
°C. The flow rates were set resulting in a residence time of 20
min for the first step. For the directly following second step,
HBr (33% in dry AcOH, 25 eq.) and the reaction mixture of
step one were pumped through an additional flow reactor R5
at 55-75 °C. The residence time was set to 14 min. The
subsequent BPR was set to 2 bar. 500 pL of the reaction
mixture was collected in a glass vial containing sat. NaHCO;
solution (1 mL). 50 pL of the organic phase was diluted with
700 pL acetonitrile (HPLC grade) for HPLC measurements.
Optional further purification is possible. Therefore, the
reaction mixture of step two and H,O were pumped through
a third reactor R1, serving as an extractor followed by the
membrane separator mentioned above. The residence time
was set to 3 min for the extraction and 1 min for the
separation. 500 uL of the freshly washed organic mixture was
collected in a glass vial. 50 uL of the organic phase was
diluted with 700 pL acetonitrile (HPLC grade) for HPLC
measurements.

Further information for manufacturing and CAD files of
the 3D printed parts, reactors, pressure tests of the BPR,
mixing tests, and chemical reactions can be found in the
ESL}

Results and discussion
Mixing efficiency evaluation

For reactions in flow, the efficient mixing of the reagents is
one of the most important factors. Mixing techniques can be
divided into two different types: active and passive mixing.
While active mixing requires an external force like ultrasound
or small impellers, passive mixing is based on restructuring
the laminar flows to intersect each other.*! Special geometries
of these channels or microstructured objects in the channels
induce chaotic mixing or force the flow to split and
recombine, thus creating multi-laminar flow patterns.***
Because mixing in flow reactions is essential, many tests
for mixing characterization have been developed.*® Some are
based on the mixing of two dyes or the dilution of one
dye.””"*® Measuring the combination color or the time one
dye is fully diluted allows a qualitative estimation of the
mixing efficiency because initially, the dyes can be monitored
very well. However, these tests are restricted to translucent
mixers. Besides that, this sort of test can be misleading
because the dyes seem to be mixed but in reality, the streams

This journal is © The Royal Society of Chemistry 2020
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just overlay and the observer sees an averaged color through
the mixing channels.*>° This shortcoming can be addressed
with confocal laser microscopy in order to obtain either cross
sectional or three dimensional images of the mixing
channels.***" Another type of test requires a reaction where a
dye is formed or a color change is induced.’*>* Furthermore,
it's possible to quantify the mixing performance of
micromixers with competitive reactions.”*>® One of these is
the VD reaction which is by far the most commonly used
reaction.”””® Because this is the benchmark reaction to
investigate the mixing performance, the mixers in this work
were tested according to the VD protocol. This method is
based on the competition between the instantaneous
neutralization of dihydrogenoborate anions (1) and the fast
redox reaction of iodate and iodide to form iodine (2):

H,BO;™ + H" = H;BO; (1)
10, + 51 + 6H" = 31, + 3H,0 (2)
L, + I = 13_ (3)

Under poor mixing conditions the dihydrogenoborate ions
are consumed by acid and a local over-concentration of acid
enables the comproportionation reaction (2). Then iodine
reacts with iodide to form triiodide (3) which can be detected
by UV-vis spectroscopy. In contrast to that, in the case of
ideal mixing, all protons are consumed by the
dihydrogenoborate due to the stoichiometric deficiency of
acid in relation to the base. The absorbance values for every
mixer at a specific flow rate are converted to the segregation
index (Xs) for better comparability. If X5 = 0, it indicates
perfect mixing, while in the case of total segregation, Xg
shows a maximum of one. As a mixing model we used the
incorporation model because of its simplicity and flexibility.*>”
Assuming that the amount of formed triiodide is equal to the
amount of iodine (because (3) is quasi-instantaneous), Xs is
calculated as follows:*

Y
Xq=—. 4
= @
where
_Cy.-
Y =2 ng I3 (5)
Qu,+Chy*
and
Ysr 6(C1037)0/(CH23037)0 (6)

 6(Cro, )/ (Crypo, ) + 1

Y denotes the ratio of the acid mole number consumed by (2)
to the total acid mole number while Yy is the value of Y in
the case of total segregation meaning that mixing occurs
infinitely slow.

In our previous work we designed and manufactured
several PP reactors and performed some glycosylation
reactions.®® In this work, we tested some mixing geometries
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in order to improve the mixing efficiency. First, we started
with one straight channel (M1) and a zigzag pattern (M2) to
optimize printing quality. Next, we moved on to more
complicated mixing geometries (see Fig. 1) like the “split and
recombine” (SAR) mixer M3, derived from Xia et al,’" or
mixers M4, M5 and M6 containing crossed barriers, inspired
by the work of Yoo et al.®®> The authors designed mixers with
alternating crosses which we scaled up to match our channel
size (M4). Additionally, we modified the barrier geometry to a
barely overlapping, helical geometry (M5) and parallel crosses
(M6) in which the bars of a level in the mixer are arranged in
parallel. All the mixers have a mixing zone of about 60 mm.

The VD experiments show that at low flow rates M1 and
M2 are almost equal in mixing efficiency but with increasing
flow rate the zigzag geometry has a better mixing
performance. Surprisingly M3 performs relatively poorly in
comparison to M4, M5 and M6. We noticed in some
experiments with a dye solution that not all parts of M3 are
filled. One possible reason for this behavior could be
inaccuracies in the production process leaving split channels
with an uneven width. Particularly at low flow rates, the fluid
is not split and follows the easiest path which is essentially a
smaller version of zigzag mixer M2. The mixers M4 to M6
exhibit a much better mixing performance than M1 to M3,
particularly at flow rates of 1.5 and 3 mL min~" (see Fig. 7).
At a combined flow rate of 0.5 mL min~* (0.25 mL min~" per
syringe) the VD experiments show a much higher mixing
efficiency for M6 than for M4 and M5.

The best mixer M6 of this set was also printed with the
same mixer geometry in PEEK (M7) to evaluate if there is any
difference in the performance from the one made of PP.
Additionally, the channel width was widened to 1.8 mm (MS8)
in order to see if this causes a difference in the mixing
performance. As expected, M8 shows similar curve
characteristics but slightly higher Xs-values than M7 due to
the lower energy dissipation rate in wider channels (see
Fig. 8).°” Comparing the almost identical mixers M6 and M7
there are no major differences except at a flow rate of 0.5 mL

0,14 4 —a— M1 (straight)
j —e— M2 (zigzag)
0,12 4 —A— M3 (SAR)
i —v— M4 (alternated cross)
Q” 0104 4 M5 (helix)
< —&— M6 (parallel cross)
X 1 ¢
S 008
i
= |
£ 0,06
©
(2] 4
o
o 0,04 4
@
(%] |
0,02 4
0,00
T T T T T
0 2 4 6 8 10

Flow rate [mL/min]

Fig. 7 Segregation index of PP mixers.
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0,06
—&— M6 (parallel cross, 1.6 mm, PP)
A —e— M7 (parallel cross, 1.6 mm, PEEK)
1\ —A— M8 (parallel cross, 1.8 mm, PEEK)

~3» 0,04 \
x \
x
9]
T
£
c
i)
T 0,024
Q
=)
o)
(%]

0,00 H

T T T T T
0 2 4 6 8 10

Flow rate [mL/min]

Fig. 8 Segregation index of PEEK mixers (M7, M8) and PP mixer M6.

min". This variance could again be attributed to uneven or
blocked channel sections, which impinge on the mixing
efficiency at low flow rates. These tests demonstrate that the
mixing efficiency of the mixer with parallel crosses and a
channel width of 1.6 mm is superior to the others and
therefore this geometry was chosen for the chemical
reactions.

Channel width tests

With the standard printing parameters, we also tested how
narrow straight channels could be printed without being
blocked. We designed a test piece with various channel sizes
down to 0.4 mm in width (see Fig. 9). We saw that the
obtained channel width is about 0.2 mm to 0.24 mm smaller
than that in the CAD drawing (see Table 2). Further, the
channel with a width of 0.4 mm shows inaccurately printed
areas, which could lead to blockage in a reactor.

Next, we printed reactors with channel cross sections of 0.8 x
0.8 mm, 0.6 x 0.6 mm and 0.4 x 0.4 mm. The reactor with the
smallest dimensions was blocked which had already been
indicated by the test piece. We determined the volume of the
two working reactors with bigger cross sections and found that
their volume is significantly smaller than that in the CAD
drawing. The volumes of the reactors with lateral dimensions of
0.8 mm and 0.6 mm were just 38% and 42% of the volumes
calculated with the CAD program, respectively. These tests

Fig. 9 Test piece for channel width measurements.
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Table 2 Comparison of channel widths from the test piece and the CAD
drawings

Channel width

(channel width in CAD) Width difference

Printed part [mm] [mm]

Test piece (PEEK) 1.76 (2.0) 0.24 (13.6%)
1.59 (1.8) 0.21 (13.2%)
1.38 (1.6) 0.22 (15.9%)
0.57 (0.8) 0.23 (40.4%)
0.40 (0.6) 0.20 (50.0%)
0.18 (0.4) 0.22 (122.2%)

demonstrate that it is possible to obtain 3D-printed PEEK
reactors with channel dimensions below 0.5 mm, which falls in
the category of microreactors.****

Chemical reactions

As a proof of concept for the utility of our 3D-printed
continuous flow equipment, we wanted to synthesize glycosyl
bromide 5 in a continuous multistep reaction (Scheme 1).
The bromide 5 could be used as a precursor for the synthesis
of gemcitabine analogs, like FAC (3), as mentioned in the
Introduction. '®F-fluorination to fluoride [18F]-8 using our
3D-printed PEEK reactors, as well as a complete synthesis of
[18F]-FAC, is currently in progress and will be published as
soon as possible.

First, the fluorination reaction of ribose derivative 6 with
DAST (7) was investigated using four different reactors
(Table 3). We used two reactors consisting of straight lines as
mixing zones (M1) with different cross sections (R3 and R4).
Reactor R1 contains four mixing zones (M7) (see Fig. 2), and
reactor R2 contains only one mixing zone (M7). For all
reactions the temperature was set to 75 °C and four different
residence times were chosen. Fig. 10 shows the conversion to
the desired product for all reactors and residence times. As
expected, the conversion with just straight channels is lower
compared to that of reactor R1 with four mixing zones. We
found that for this particular reaction one mixing zone (R2)
is not sufficient to increase the conversion compared to
reactor R3. Further, the reactor with a smaller cross section
(1.0 x 1.0 mm) shows a lower conversion. A lower flow rate at
this regime of Reynolds number results in a decreased energy
dissipation rate and thus lowers the mixing efficiency.®

The fluorination itself was optimized wusing four
temperatures between 60 and 90 °C and four different
residence times between 3 and 15 minutes. Fig. 11 shows the

Table 3 Construction details of the different reactors R1-R4

Volume Channel cross Number of mixing
Reactor [uL] section zones M7
R1 360 1.6 X 1.6 mm 4
R2 480 1.6 x 1.6 mm 1
R3 510 1.6 X 1.6 mm 0
R4 290 1.0 x 1.0 mm 0
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Fig. 10 Conversion of ribose derivative 6 to 2-fluoro-arabinose
derivative 8 with reactors R1-R4.

conversion of the reaction, determined by HPLC. At higher
temperature the reaction proceeded much faster and the
conversion reached 99% at 90 °C and a residence time of 15
minutes. In addition, different ratios of 6 and 7 were applied
and different temperatures were used to optimize the
reaction conditions (Table 4). Therefore a residence time of
15 min was set. The highest conversion of 90% could be
measured with 3 equivalents of 7 at 85 °C. In comparison,
several equivalents produce lower yields and are therefore
not necessary. The yield at 75 °C is only slightly less than that
at 85 °C. Due to the low boiling point of chloroform and the

100 o
e
904 ¥ —
801 // :
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9
= 60
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5 50
>
s
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T
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Fig. 11 Conversion of ribose derivative 6 to 2-fluoro-arabinose
derivative 8 at different temperatures.

Table 4 Reaction optimization for fluorination

Temperature Residence time Equivalents DAST Conversion
85 °C 15 min 3 90%
85 °C 15 min 6 74%
75 °C 15 min 3 89%
75 °C 15 min 6 72%
65 °C 15 min 3 44%
65 °C 15 min 6 31%

React. Chem. Eng., 2020, 5,1300-1310 | 1307
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Table 5 Reaction optimization for bromination

Temperature  Residence time  Equivalents HBr  Conversion [%]
55 °C 5 min 10 80%
10 min 10 99%
20 min 10 >99%
5 min 25 98%
10 min 25 >99%
20 min 25 >99%

resulting high pressure, 75 °C is set as the optimal reaction
temperature for the following experiments.

The bromination was first optimized at 55 °C using two
different ratios of HBr (10 eq. and 25 eq.) and three different
residence times of 5, 10 and 20 minutes (Table 5). The best
results for the bromination of 8 to 5 were achieved between

View Article Online

Reaction Chemistry & Engineering

10 and 20 min with 25 eq. HBr (>99% conversion). With
these results a multistep synthesis of 5 was set up.

For the multistep reaction, an individual reactor with a
volume of 820 pL and three mixing channels (R5) was printed
to generate higher flow rates and higher production capacity.

In Fig. 12 the setup of the multistep reaction is shown,
consisting of four pumps, three PEEK reactors, one BPR and
a membrane separator. For the extraction step our self-built
syringe pump was used. In the first reactor R5 the
fluorination reaction took place at 75 °C with an increased
residence time of 20 min to ensure complete conversion to
the fluoride 8. In the additional bromination the reaction
mixture of step one and HBr (33% in AcOH) were pumped
through a second PEEK reactor R5 at 55 °C and a residence
time of 14 min. Since the temperature exceeded the boiling
point of chloroform, the BPR was set to a pressure of 3 bar.

[ s e e e s 1 'water.

i O, .08 |33% in ACOH; e

| BZOAQ | @ aqueous

' 6 Bo  OH | I__ W]fte: ____________ :
1 . ke O
|_Samncroy | | | ] o
: F ! | membrane h BzO' Foo
T _\N_SI_F O—r BPR separator ! 5 k.
v i PEEK reactorR1 T TTTTTTTTT

| F ! PEEK reactor R5 PEEK reactor R5 for extraction

' 04MinCHCI; . (820 L) (820 |J|°_)

S —— ; 75 °C 55-75°C

Fig. 12
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Schematic drawing (a) and photograph (b) of the multistep synthesis.
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Table 6 Reaction optimization for the multistep synthesis

Residence Equivalents Conversion
Temperature time HBr to 5 [%]
55 °C 14 min 25 93%
65 °C 14 min 25 99%
75 °C 14 min 25 >99%

The reaction mixture was quenched and washed with water
in the third reactor R1 (residence time: 3 min) and the
organic and water phases were separated through the
membrane separator. The conversion was not complete at 55
°C so more optimization was necessary. Therefore, the
temperature of the bromination was raised to 65 and 75 °C
resulting in a conversion of >99% at 75 °C (Table 6).

With these conditions the multistep reaction was run
continuously. A one hour sample of 2-deoxy-2-fluoro-3,5-di-O-
benzoyl-o-p-arabinofuranosyl bromide (5) was collected (about
148 mg). Washing with water in the third reactor was
sufficient to obtain very pure compound 5 with an isolated
yield of 79%.

Conclusion

In this work, we present the development and fabrication of
3D-printed reactors and mixers out of PEEK. We tested
several mixers made out of PP and PEEK with the
Villermaux-Dushman reaction to evaluate their mixing
efficiency. The mixer with parallel crossed barriers in the
channel showed the best mixing performance with both
materials. Further, the miniaturization of straight channels
printed with PEEK was tested, which showed that it is
possible to print microreactors with channel dimensions
below 500 um. The reactors we designed are fully
customizable with CAD software and it takes only a few hours
to obtain a finished flow reactor from an idea. Additionally,
we presented a low-cost continuous syringe pump, back
pressure regulator and membrane separator, which could be
printed with either PEEK or PP. With a continuous multistep
synthesis of a halogenated arabinose
demonstrated the utility of our 3D-printed flow system. This
facilitates the entry in flow chemistry and could be an
alternative to commercially available flow equipment.
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